We made seasonal comparisons of leaf water potentials, root biomass, hydraulic architecture, xylem embolism, and xylem conduit dimensions in eight woody species growing in four diverse habitats common in the Sydney region, namely mangroves, coastal heathland, ridge-top woodland and woodland at the base of the ridge. We assessed these vegetation characteristics in the context of seasonal variation in site microclimate (rainfall, temperature, light flux density and vapour pressure deficit).
4 hydraulic architecture and soil and atmospheric water content. Xylem embolism reduces hydraulic conductivity, requiring steeper pressure gradients between roots and leaves to maintain transpiration. Different functional plant groups have varied vulnerability to xylem embolism (Eamus and Prior 2001) and seasonal and site factors can influence xylem embolism within one species (Van der Willigen and Pammenter 1998). Vulnerability to embolism induced by water stress is similar in deciduous and evergreen plants, but higher in tropical plants compared with temperate forest species (Machado and Tyree 1994; Sobrado 1997) . As leaf water potential declines, plants growing in humid environments experience a much higher percentage embolism compared with plants growing in semi-arid environments (Franks et al. 1995) . Xylem embolism can be prevented through regulation of stomatal conductance by limiting the change in water potential across the whole plant (Cochard et al. 1994) .
Most comparative studies of hydraulic architecture have focused on American and
European species (e.g. Chiu and Ewer 1992; Patiño et al. 1995; Hubbard et al. 1999; Brooks et al. 2002) although there have been some tropical studies (Tyree and Ewers 1996; Prior and Eamus 2000) , the latter study in Australia. However, we know very little about the comparative hydraulic architecture of trees in contrasting Australian habitats, the significance of different architectural systems and their contribution to competition among species (Tyree and Ewers 1991) . The present study is the first to compare hydraulic characteristics in species from different temperate ecosystems in Australia. Australian ecosystems generally experience drier soil and atmospheric conditions and lower nutrient levels in comparison to northern hemisphere environments, and hence present a unique challenge for plant water relations.
Understanding hydraulic architecture of different species will provide insight into plant adaptations to particular ecosystems. It may also allow us to predict the impacts of global climate change or breed more stress-resistant trees (Tyree and Ewers 1991) .
In the present study, we examined microclimate, leaf water potential and hydraulic architecture of several species in four diverse habitats: mangroves, coastal heathland, and eucalypt woodland sites on a sandstone ridge (ridge-top woodland) and at the base of the ridge (river-flat woodland). The four habitats were chosen because (a) they represent significant habitats in temperate Australia; (b) they differ substantially in vegetation structure and composition; (c) some species can be found in more than one 5 habitat; (d) the water balance of each habitat is likely to differ significantly, but gross climatological factors (average temperature, rainfall, solar radiation receipt at the top of the canopy) are likely to show only small variation between habitats.
The aims of the work described in this study were to answer the following questions: 1) How does microclimate differ between four diverse habitats located within a small geographical range?
2) How does leaf water potential and soil moisture content vary between species within a single habitat and how do average habitat differences vary between the four habitats?
3) How does the hydraulic architecture vary between species and between habitats? 4) Do xylem cell dimensions differ between species and between habitats? 7 The mangrove, and both woodland communities are in Crosslands Reserve, 30 km north of Sydney (33°40'S 151°10'E). Both woodland communities are on Sydney sandstone soil.
The coastal heathland site is in Royal National Park (34°10'S 151°10'E), 30 km south of Sydney. The site is on the Walumarra track, 15 km from the park entrance, on Sydney sandstone soil.
Vegetation attributes, microclimate and soil moisture
Each 1 ha site in each habitat was divided into two plots to provide replication at each site. Tree height was determined for 15-20 randomly chosen trees in each plot in each habitat using a clinometer. Diameter at breast height (DBH) was determined for each of these trees (only trees over 2 m high were measured). DBH was not determined in the heathland as all vegetation was below 2 m. Foliage Projective Cover (FPC) was calculated for each site by holding a mirror at 45° and recording whether the sky or foliage covered the central point of the mirror whilst walking a series of transects at each location. Data were recorded every meter along four transects of 25 m in length.
As the canopy was not overhead in the heathland a downward facing mirror was used to measure the frequency of leaves or bare soil along the transect.
Root biomass of the upper soil profile was determined in each habitat by collecting three random samples in each plot (a total of six samples per habitat). A volume of 8000 cm 3 of soil was collected to a depth of 20 cm. Roots were extracted from each sample and washed thoroughly before being placed in an oven at 70 ºC for three days and then weighed. The relationship between Huber value and conductivity was investigated by taking the natural logarithm of both (to normalise distribution) and then conducting a Pearson's correlation with SPSS for windows.
Xylem embolism
The initial determination of hydraulic conductance was followed by a 30 minute perfusion of acidified, filtered, degassed water at a positive pressure of 175 kPa to remove any air emboli, where present (Williams et al. 1997 
1988) in vivo.
Some branches experienced a slightly reduced conductance after perfusion. Wang et al. (1992) experienced the same phenomenon and attributed it to plugging of the vessels by particles or micro-organisms already in the vessels and not easily flushed out. In these cases the percentage loss of conductance due to embolism was taken as zero.
Loss of conductance data were arcsine transformed and the relationship between loss of conductance and minimum leaf water potential was assessed with a Pearson's correlation (SPSS for windows).
Xylem dimensions
Branches between 0.5 and 1 cm diameter were cut to 1 cm lengths and placed in approximately 10 ml maceration fluid (1 part hydrogen peroxide, 4 parts distilled water and 5 parts glacial acetic acid). The mixture was placed in the oven for five days at 56°C, longer for hardwood species. Stems were removed from the maceration fluid and shaken in small vials with about 5 times as much water as tissue. Two drops of this solution was placed on a slide with one drop of 0.5% toluidine blue. Cell length and diameter of spiral, reticular and pitted xylem vessels and pit pore dimensions were measured with a calibrated eyepiece micrometer.
The relationship between loss of conductance due to xylem embolism and pit pore length and pitted cell length was assessed with Pearson's a correlation (SPSS for windows). Pitted cell length was log-transformed to normalise the distribution of data.
Results

Site microclimate and soil water content
Mean monthly rainfall did not show a strong seasonal pattern for any of the sites.
Rainfall was similar during January and June (the sample months) (Fig. 1 ).
Temperature differences were more seasonal, with a monthly average of approximately 17°C in June at both locations and a monthly average above 25°C throughout the summer months ( Fig. 1 ).
VPD and PAR values were much higher in summer than in winter at each site ( Table   1 ). The highest winter VPD was recorded at the heathland site, while the highest summer VPD values were recorded at the two woodland sites. Summer PAR was highest at the heathland site and lowest at the woodland ridge-top site. Winter PAR was very low at the mangrove and woodland (below ridge) sites and higher at the woodland (ridge-top) site. Soil moisture was more uniform between seasons except at the heathland, where there was approximately half as much water in the soil in summer than in winter (Table 1) .
DBH was largest at the woodland (ridge-top) site and the woodland (below-ridge) site had the tallest canopy. The largest FPC was observed at the mangrove site (Table 2) .
Root biomass was largest in the summer in all habitats. Similar root biomass was observed in the mangrove and heathland in the summer and these habitats exhibited the largest root biomass of all habitats.
Leaf water potentials
Pre-dawn leaf water potential (Ψ pd ) was lower in summer than winter for both mangrove species (Fig. 2a) . A. corniculartum and A. marina had different Ψ pd values in the winter but similar values in the summer. The minimum leaf water potential for these species also occurred in the summer for both species (Fig. 2b) . Similarly, winter values of minimum leaf water potential were also different between the two species ( Fig. 2b ) in the mangrove.
All woodland species at the top of the ridge had similar pre-dawn leaf water potentials within both seasons but all species were different between seasons (Fig. 2a ). Ψ pd ( Fig   2a) and minimum leaf water potentials (Fig 2b) were lower in winter than in summer for all species at the top of the woodland.
A similar trend to that observed in the ridge-top site was observed in Ψ pd values for species growing at the woodland site below the ridge, except for B. integrifolia in summer, when Ψ pd was significantly lower than for all other species (Fig. 2a) . B.
integrifolia showed seasonal differences in minimum leaf water potential, as did C.
hypoglauca (Fig. 2b) . Minimum water potential of these two species was significantly different but this parameter was the same in winter for C. hypoglauca as G. ferdinandi in both seasons (Fig. 2b ).
Pre-dawn leaf water potentials were the same for all species in the summer in the heathland ( Fig. 2a) . At this site, winter Ψ pd values were all significantly lower than the summer values and Ψ pd was similar for A. hispida and P. lanceolata but was higher in B. oblongifolia (Fig. 2a) . Minimum leaf water potentials were lower in the 13 winter than in the summer for the three heathland species and were lower in A.
hispida and B. oblongifolia than P. lanceolata in both seasons (Fig. 2b ).
Ecosystem means show that the lowest pre-dawn leaf water potential occurred in summer in the mangroves (Fig. 3a) . The mangrove mean winter pre-dawn leaf water potential was also lower than in the other three habitats in both winter and summer.
Mean winter pre-dawn leaf water potentials in the woodland (ridge-top) and in the heathland were similar and both were lower than their respective summer means.
There was no difference in Ψ pd between seasons in the woodland (below-ridge) species and these values were the highest for any habitat (Fig. 3a) .
Minimum leaf water potentials were lowest in the summer for both mangrove species, followed by winter mangrove and woodland (ridge-top) species (Fig. 3b) . Woodland (ridge-top) and heathland species had significantly lower leaf water potentials in winter than summer, while woodland (below-ridge) values were similar between seasons (Fig. 3b) . Leaf water potentials in the woodland (below ridge) site were not significantly different from those at the heathland site.
Hydraulic architecture -comparisons within habitats
Both mangrove species had higher Huber values in winter than in summer (Table 3 ).
In contrast, hydraulic conductance, conductance per branch transverse area and conductance per sapwood area were all higher in summer for both species but hydraulic conductance per leaf area was the same across seasons and both mangrove species. All hydraulic conductivity values were higher in summer than winter and there was no significant difference between species within a season (Table 3) , in the mangrove.
For woodland (ridge-top) species, season influenced Huber values, but species did not (Table 4) . Thus, Huber values were larger in winter than summer. Hydraulic conductance and conductance per branch transverse area were similar across species and seasons, except for A. hispida in summer ( (Table 4) . Hydraulic conductivity, conductivity per leaf area, conductivity per branch transverse area and conductivity per sapwood area were similar across species for winter and in most cases, were significantly larger in summer than winter within species (Table 4) . There were some differences between species in summer hydraulic conductance and conductivity values; hydraulic conductivity and conductivity per sapwood area were larger in A. hispida than in E. haemostoma and B. oblongifolia, while hydraulic conductivity per branch transverse area was larger in A. hispida than B. oblongifolia.
Of the woodland (below ridge) species, C. hypoglauca was the only one to have a significant difference in seasonal Huber values (Table 5) . Hydraulic conductance and conductance per branch transverse area were largest in C. hypoglauca and lowest in B.
integrifolia. Hydraulic conductance per leaf area within the three species was larger in winter than summer. Summer conductance per sapwood area was significantly larger in C. hypoglauca than in B. integrifolia (Table 5) . Values of hydraulic conductivity, conductivity per branch transverse area and conductivity per sapwood area were similar across species and seasons, except for C. hypoglauca in summer, in which they were significantly larger than for all other species (Table 5) .
Huber values at the heathland site varied seasonally for A. hispida and P. lanceolata but not for B. oblongifolia (Table 6 ). Complex interactions between season and species factors meant that no one species had a higher Huber value overall than any other. Hydraulic conductance was larger in summer than winter for P. lanceolata.
Hydraulic conductance per leaf area was larger in P. lanceolata than A. hispida, while differences in conductance per branch transverse area and conductance per sapwood area were dominated more by differences between seasons than species differences.
Hydraulic conductivity and conductivity per leaf area were similar across species and seasons except for P. lanceolata in summer. Conductivity per branch transverse area and conductivity per sapwood area were larger in summer for A. hispida and P. lanceolata (Table 6 ).
There was an inverse linear relationship between the log-transformed branch conductivity and log-transformed Huber value ( Fig. 4 ; Pearson's correlation coefficient = -0.73, p = 0.000).
Hydraulic architecture -comparison among habitats and seasons
Huber values were larger in winter than summer for all habitats (Table 7) . Huber values were more similar in summer than winter for all habitats, with the woodland (ridge-top) values larger than all other values (Table 7) . In most comparisons all measures of hydraulic conductance (per unit leaf area, per sapwood area, per transverse area) were larger in summer than winter in the four habitats (Table 7) .
Similarly, for most comparison, all expressions of hydraulic conductivity were larger in summer than in winter for all four habitats (Table 7) .
Xylem embolism
In mangroves and woodlands (ridge top), the habitat mean percentage embolism was larger in summer than in winter. In contrast, the habitat mean for percentage embolism was larger in winter than in summer for the heathland and woodland (below ridge) sites.
Investigations of xylem cell structure and size revealed that only the Banksia species had reticular xylem cells and B. integrifolia had no spiral cells (Table 9) 
Discussion
The amount of light (PAR), the vapour pressure deficits and temperature all increased in the summer, compared to the winter (Table 1 , Fig 1) . In addition, rainfall was slightly higher in the summer than in the winter (Fig 1) . The increase in evaporative demand (that is, increased temperature, VPD and solar radiation input) are likely to cause the significant decline in pre-dawn and minimum leaf water potential expressed by both mangrove species in the summer compared to the winter. Such responses of leaf water potential to evaporative demand are well-documented (Eamus and Prior 2001). The much lower absolute values for the two mangrove species are a result of the influences of salinity in the root environment. A much lower leaf water potential is required to maintain water uptake from saline soils compared to non-saline soils.
The three non-mangrove habitats (heathland and woodlands) showed either lower predawn and minimum leaf water potentials in the winter compared to the summer, or a non-significant difference (Figs 2,3 ). Clearly this can not be explained by seasonal changes in evaporative demand, and is discussed below.
In the winter pre-dawn water potentials, and to a less pronounced extent, minimum leaf water potentials, were lower in the woodland at the top of the ridge and in the heathland, than in the woodland at the base of the ridge. In winter the reduced rainfall (compared to summer) and the higher degree of exposure to wind, high levels of light and, in the case of the heathland, salt spray) probably explained this result.
Furthermore the significance of enhanced run-off of rainfall to the below-ridge woodland site (as reflected in the higher soil moisture at this site compared to the ridge-top) also exacerbated this result. In the summer the trend was less pronounced because of the interaction of increased rain, the very large increase in average light levels that occurred predominantly in the below-ridge woodland, and the largest absolute value in VPD that was experienced in the summer in the below-ridge woodland.
How do we account for the increase in pre-dawn and minimum water potential observed in summer for the three terrestrial ecosystems despite the larger evaporative demand (higher VPD, temperature and solar radiation input)? First, rainfall was larger in the summer than the winter. In contrast to the mangroves, rainfall is the principal source of water to the roots. In mangroves, daily inundation by tidal water is the principal source of water. Consequently the impact of a large rainfall in the summer will be expressed in the predawn and minimum leaf water potentials of terrestrial plants more than species of mangrove. Two additional features may also contribute to the generally higher water potential observed in the summer compared to the winter.
First, root biomass (and hence presumably increased capacity for water uptake) was always larger in summer than winter. Second, hydraulic conductance and conductivity were generally larger in summer than winter for all habitats. Of 36 seasonal comparisons (8 hydraulic measures x 4 habitats; Table 4 ), 30 show an increase in summer and two show no change. During the spring and summer months when new leaf tissue has been produced and is expanding, new xylem is also produced. Domec and Gartner (2002) showed that early wood (new xylem) is more conductive than latewood due to larger tracheid diameter in the early wood, possibly because of an enhanced water status during earlywood formation (Nardini and Tyree 1999). Because of the higher conductance/conductivity, the gradient in water potential required to cause a given rate of water flow is reduced (Patino et al. 1995) and hence leaf water potential can be higher (closer to zero) as was observed in the present study.
A trade-off exists between large diameter vessels, which have a larger conductivity, and a greater chance of embolism (Domec and Gartner 2002) . Consistent with this is the observation that of eleven pair-wise comparisons of percentage embolism, eight
showed an increased embolism in the summer compared to the winter (Table 8) despite minimum leaf water potentials being higher in summer than in winter.
Therefore we must conclude that the vulnerability of xylem to embolism is higher in summer than winter (Prior and Eamus 2000). High hydraulic conductance and conductivity in C. hypoglauca compared to all other species in the present study agrees with previous findings that liannas have higher conductivity than, for example, trees, due to the reduced role of mechanical support of xylem vessels (Tyree and Ewers 1991). Liannas generally have narrow stems but have wide vessels to promote transport (Patiño et al. 1995) , as was observed in the present study (Table 9) .
Furthermore, xylem cell length and width and pit pore membrane dimensions of C.
hypoglauca were larger than for all other species (Table 9) Higher conductance and conductivity in C. hypoglauca are also related to site characteristics. Soil moisture availability was high, evaporative demand was low, and pre-dawn water potentials were high, at the below-ridge woodland site (Table 1) compared to the ridge-top site. Mesophytic species growing in wetter sites have higher shoot conductance than drought-adapted species (van der Willigen and Pammenter 1998; Nardini and Tyree 1999; Engelbrecht et al. 2000) . Similarly, although soil moisture was very high in the mangrove habitat, this site was xeric due to daily inundation with seawater. Hence the low hydraulic conductance and conductivity values seen in the mangrove habitat (particularly in summer) are consistent with these conclusions (van der Willigen and Pammenter 1998).
Xylem embolism
The relationship between loss of hydraulic conductance to xylem embolism and minimum water potential (Fig 5) shows that patterns in xylem vulnerability previously observed within a single species may hold across species and habitats. Most vulnerability curves consist of a single species (Tyree and Ewers 1991; Thomas and Eamus 1999) rather than a variety of species from different habitats. Our data suggest that the relationship can apply across species.
Weak inverse relationships between xylem cell diameter or pit pore dimensions and loss of conductance were observed in the present study. Previous studies suggest that larger xylem vessels are more vulnerable to embolism (Eamus and Prior 2001).
Therefore other factors independent of vessel dimensions were determining the degree of xylem embolism in the present study. For instance, despite having large xylem cells and pit pore memebranes, C. hypoglauca had a low loss of conductance in summer,
suggesting that other mechanisms such as stomatal regulation (Cochard et al. 1994) were preventing the formation of xylem emboli. Similarly, both mangrove species had relatively small xylem cells and pit pore membranes but their percent loss in conductance was high in comparison to the other species. Pit membrane diameter and pit membrane properties (which also influence cavitation vulnerability) are not necessarily associated. Hacke and Sperry (2001) found no relationship between conduit width and susceptibility to cavitation across 38 angiosperms. They concluded that differences in the properties of pit membranes were overriding any sizeassociated relationship.
Assessing diurnal changes in xylem embolism may further clarify patterns. Xylem conductance can recover from embolism at pressures slightly below atmospheric in some species, while others rely on production of new vessels each spring (Eamus and Prior, 2001) . Collection of branch material in the morning in the present study would reflect the lowest daily loss of conductance due to embolism. In situ assessment of diurnal changes in xylem embolism would indicate the capacity of each of these species to recover from embolism and the relationship between ψ w and xylem cavitation could be further investigated.
Assessing diurnal changes in xylem embolism may further clarify any potential relationships between pit membrane dimensions and susceptibility to embolism.
Xylem conductance can recover overnight, in some species, while others rely on production of new vessels each spring for recovery (Eamus and Prior 2001) . The routine collection of branch material in the morning in the present study will reflect the lowest daily loss of conductance due to embolism, if any refilling occurred overnight. Therefore an in situ assessment of diurnal changes in embolism would indicate the capacity of each of these species to recover from embolism and the relationship and the relationship between Ψ w and xylem cavitation could be further investigated.
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Conclusions
In conclusion, we found that microclimate is highly variable across the four habitats.
We found seasonal and site differences in VPD, PAR and soil moisture. Leaf water potentials were mostly consistent within a season within a habitat and most habitats had different leaf water potentials for summer and winter. Mangroves had the lowest leaf water potential, followed by the woodland (ridge-top), heathland and woodland (below ridge) habitats.
Seasonality had a greater influence on hydraulic architecture characteristics than species or habitats, due to seasonal variation in microclimate. The inverse relationship between Huber value and hydraulic conductance shows that this pattern in hydraulic architecture is universal across these species and habitats. Similarly the inverse relationship between loss of conductance and minimum leaf water potential is another inter-species and inter-habitat pattern.
Xylem cell and pit pore dimensions were related to habitat (such as small values for 
